Objective Emerging studies have focused on the association between non-alcoholic fatty liver disease (NAFLD) and the risk of type 2 diabetes mellitus (T2DM). We aimed to investigate whether NAFLD diagnosed by ultrasonography could predict the risk of future T2DM in a Japanese middle-aged health check population. Methods We conducted a 10-year observational study in a health checkup population of middle-aged Japanese men and women at Hidaka Hospital from 2004 to 2013. We excluded cases with an alcohol intake exceeding 20 g/day and those with impaired glucose tolerance. The remaining 1,544 men and 864 women were classified into fatty liver and non-fatty liver groups based on the findings of abdominal ultrasonography. Both groups were followed for the development of diabetes. A multiple regression analysis was performed for each variable to predict the risk of future diabetes. Results The median age of the participants was 46.0 years at the entry, and the follow-up period was 10 years. The incidence of diabetes in the fatty liver group was 12.5% (29/232) in men and 26.3% (10/38) in women, whereas the incidence of diabetes in the non-fatty liver group was 2.5% (34/1,312) in men and 1.8% (15/826) in women. The relative risk of diabetes associated with fatty liver was 4.8 [95% confidence interval (CI) 3.0 -7.8, p<0.0001] in men and 14.5 (95% CI 7.0-30.1, p<0.0001) in women. Conclusion NAFLD was a significant predictor for future diabetes in a Japanese middle-aged health check population, especially in women.
Introduction
With the increasing prevalence of obesity, diabetes, and metabolic syndrome in the United States (US), non-alcoholic fatty liver disease (NAFLD) has become the most common disease of chronic liver damage in the US (1) (2) (3) . The prevalence of NAFLD is also increasing in Japan due to the Westernization of lifestyles, such as high-fat and highcalorie diets with less physical activity (4, 5) . A high prevalence of fatty liver has been reported to be associated with type 2 diabetes mellitus (T2DM) (6) (7) (8) .
NAFLD is characterized by significant lipid deposition in the hepatocytes in patients without a history of excessive alcohol intake and is often associated with obesity (9) and hypertension (10) . Although these abnormalities are often categorized as insulin resistance syndrome or metabolic syndrome (11) , they carry a risk of cardiovascular disease. In addition, diabetes, insulin resistance, and increased plasma fatty acids are considered to increase the risk of NAFLD (12, 13) , and each of these metabolic factors is also characteristic of T2DM. It has been reported that NAFLD influences the severity of hepatic insulin resistance in T2DM (14) . Furthermore, NAFLD has been correlated with hepatic insulin resistance independently of obesity and intraabdominal adiposity among non-obese men without T2DM (15) .
The increased prevalence of NAFLD in relation to the development of diabetes has been reported in a cross-sectional study (16) , and a close relationship between liver enzymes and diabetes has been reported in cohort studies (17) (18) (19) (20) (21) (22) . However, the former does not prove a causal relationship, and the latter does not directly concern NAFLD. Shibata et al. first reported an observational cohort study in male workers over 40 years old from 1997 to 2005 as a health-check study of the direct relationship between NAFLD and the incidence of diabetes (23) . The causal relationship between NAFLD and diabetes is not yet clear, but NAFLD might play an important role as a confounding factor.
The present study is a retrospective study clarifying the significance of NAFLD on the risk of diabetes in an observational population study in middle-aged men and women who continuously attended health checks from 2004 to 2013 at Hidaka Hospital, which is located in a typical, middlesized Japanese city near Tokyo, Japan.
Materials and Methods

Subjects
The study population comprised randomly selected individuals who had continuously received an annual health check at Hidaka Hospital, Takasaki, Japan, from April 2004 to October 2013. Subjects with the following were excluded: 1) alcohol intake >20 g/day (based on the frequency of drinking alcohol); 2) a recent history of acute illness; 3) taking medications known to modify lipid levels, blood pressure, or blood glucose; 4) taking medications known to induce a fatty liver; 5) being seropositive for hepatitis B or C; and 6) having any other health problem known to be associated with liver steatosis. All cases were aged 35-65 years old. Those with fatty liver in this study were confirmed to have NAFLD.
All of the patients were referred to the hepatology unit at Hidaka Hospital for ultrasound investigation of hepatic steatosis, performed as a part of routine clinical practice. Subjects were divided into those with and without a fatty liver according to the ultrasound results. The fatty liver-positive group included cases that presented with "bright liver" echo patterns according to standard criteria (i.e., evidence of a diffuse increase in the echogenicity of the liver compared with that of the kidneys). The non-fatty liver group was comprised of cases that did not exhibit any echogenic evidence of fatty liver.
Diabetes subjects were defined according to the Japan Diabetes Society (JDS) criteria: HbA1c (NGSP) ! 6.5% and fasting plasma glucose ! 126 mg/dL or the use of a prescribed anti-diabetic agent. In addition, pre-diabetes subjects [mainly those with impaired fasting glucose (IFG)] were also defined according to the JDS criteria: HbA1c (NGSP) <6.5%, fasting plasma glucose 110 to <126 mg/dL, and no prescriptions for anti-diabetic agents. "Suspected diabetes", as a type pre-diabetes defined by JDS criteria, was not included, since this could not be determined in a single examination.
The weight and height of each participant was measured, and the body mass index (BMI) was calculated to evaluate the presence of obesity. The retrospective study analysis in this health check population was approved by the Ethics Committee of Hidaka Hospital.
Biochemical analysis
After 12-h overnight fasting, blood samples were taken, and sera were isolated and stored at 4 . The following analytes were measured within 48 hours of drawing blood: liver enzymes, HbA1c, total cholesterol (TC), triglycerides (TG), and direct low-density lipoprotein cholesterol (LDL-C) and high-density lipoproteins (HDL-C) as previously reported (19) . The reagent used to measure LDL-C and HDL-C by the direct method was obtained from Denka Seiken (Tokyo, Japan). Liver enzymes, including aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyltranspeptidase (GGT), and choline esterase (ChE), were used as markers of hepatic damages, and glucose, insulin, and hemoglobin A1c (HbA1c) were measured using commercial enzymatic kits on a Hitachi 917 autoanalyzer (Tokyo, Japan).
Statistical analysis
The data are presented as the median with the 25th and 75th percentile. Accordingly, the differences between groups were tested by Mann-Whitney U test, and multivariate analyses were performed after logarithmic transformation of the results for AST, ALT, GGT, TG, choline esterase, and HbA1c. A multiple regression analysis was performed for each variable with age and the presence of fatty liver (binary: 0 or 1) as the explanatory variables in order to examine the relative contribution to fatty liver. A multiple logistic regression analysis was also performed to evaluate the relative contribution of the variables in diagnosing the status of fatty liver. In addition, a factor analysis was performed to explore the commonality among the variables based on the principal component method with the varimax rotation of the factorial axes. A comparison of factor scores derived from the analysis between subjects with or without fatty liver was performed via a receiver operating characteristic (ROC) analysis. The area under the ROC curve was used as an index of accuracy in differentiating the two conditions. All of the statistical analyses were performed using the StatFlex Ver. 6 software program (Artech, Osaka, Japan). p values <0.05 were considered statistically significant. Table 1 shows the clinical and biochemical characteristics of the cases in this study group. The parameters of lipid metabolism, liver function, and glucose homeostasis were all significantly different between sexes (Table 1 ). BMI was also significantly different between sexes, as well as between the NAFLD and non-NAFLD cases. The most significant difference between sexes was in the prevalence of NAFLD, with values of 15.0% in men and 4.4% in women. These data indicated a 3.4-fold higher prevalence of NAFLD in men than in women. Table 2 compares the values between NAFLD and non-NAFLD cases for both sexes. All of the parameters were further divided into those with or without a NAFLD. We noted a stronger association of NAFLD with lipoproteins (elevated TG, low HDL-C) and markers of glucose homeostasis and liver function in those with NAFLD than in those without. HDL-C levels were significantly lower in those with NAFLD than in those without, and similar trends were noted for choline esterase (ChE) and uric acid (UA). In addition, NAFLD cases showed significantly higher levels of ALT, AST, and γ-GTP than those without, although most of these levels were still within the normal ranges.
Results
Clinical and biochemical characteristics in cases without diabetes in 2004
Comparison of diagnostic parameters among cases with or without NAFLD in men and women
Incidence of diabetes over 10 years by presence of NAFLD
The median age of participants was 46.0 years at the start of the study period, and the follow-up period was 10 years. Table 3A shows that the incidence of diabetes in the NAFLD group was 12.5% (29/232) in men and 26.3% (10/ 38) in women, whereas the incidence in the non-NAFLD group was 2.6% (34/1,312) in men and 1.8% (15/826) in women. The relative risk of diabetes associated with NAFLD was 4.8 [95% confidence interval (CI) 3.0-7.8, p< 0.0001] in men and 14.5 (95% CI 7.0-30.1, p<0.0001) in women. The incidence of diabetes over the 10-year period was significantly higher in women than in men, although the proportion of cases of diabetes in women with NAFLD was significantly lower than that in men with NAFLD. In addition, the incidence of diabetes in non-NAFLD cases was significantly lower than in NAFLD cases (p<0.0001). Table 3B shows that the relative risk of diabetes associated with the incidence of NAFLD during the 10-year observational period was 4.6 (95% CI 2.4-8.9, p<0.0001) in men and 4.0 (95% CI 1.5-10.7, p<0.01) in women. Although the relative risk of incidence of diabetes associated with NAFLD was significantly higher in women than in men (Table 3A), the relative risk of incidence of diabetes associated with the incidence of NAFLD was almost the same between sexes.
In addition, the samples were stratified into 3 groups by age: <41 years old, 41 to 50 years old, and ! 51 years old. Table 3C shows that the age-stratified relative risk of diabetes associated with NAFLD in 2004 was 3.3 (95% CI 1.9-5.8, p<0.01), 2.8 (95% CI 1.5-2.8, p<0.0001), and 5.2 (95% CI 2.9-9.1, p<0.0001) in men, and 45.8 (95% CI 8.4-248.2, p<0.01), 13.3 (95% CI 5.7-30.9, p<0.0001), and 5.8 (95% CI 2.0-17.1, p<0.05) in women for <41 years old, 41 to 50 years old, and ! 51 years old, respectively. Table 4 shows the results of the multiple regression analysis with age, gender, NAFLD, HbA1c, lipids, and lipoproteins set as the target variables. The values in Table 4 (A and B) represent the standardized regression coefficients that correspond to the partial (or adjusted) correlation coefficient between the target variables of diabetes and each explanatory variable.
C C
Multiple logistic regression analysis of diagnostic markers suggestive of diabetes risk in 2013
To identify variables effective in predicting diabetes from the diagnostic markers (age, gender, ALT, AST, ChE, UA, HDL-C, LDL-C, and HbA1c), a multiple logistic regression analysis was performed by the backward elimination procedure. Table 4A shows the variables selected through the best regression model. The predictors of diabetes (from most to least important) were HbA1c, NAFLD, HDL-C, gender (female), and age. The accuracy of prediction by the model was evaluated by an ROC analysis, with the area under the curve (AUC) at a high level of 0.865. After removing the strongest predictor HbA1c (Table 4B) , NAFLD was effective in predicting the diabetes, with an accuracy of AUC=0.788.
To investigate the relationship between NAFLD and the diabetes incidence and cardiovascular risk markers in 2013, we carried out a multiple regression analysis using NAFLD as the target variable and diabetes incidence and cardiovascular risk markers in 2013 as the explanatory variables (Table 5). NAFLD was more strongly associated with diabetes incidence than cardiovascular risk markers in 2013.
Factor analysis for evaluation of commonality among the diagnostic parameters
The test results of 10 mutually related diagnostic parameters were subjected to an exploratory factor analysis to in- vestigate the commonality among them. Using the principal component method with varimax rotation of the factorial axes, we obtained five factors as shown in Table 6 . The values in the table correspond to factor loadings, which represent the correlation coefficient between the identified common factor and each of the original variables. From the pattern of factor loadings, Factor 1 was highly positively correlated with gender, BMI, TG, and HDL-C. Therefore, the factor was interpreted as reflecting the serum lipid level and accumulation of visceral fat, and Factor 1 was referred to as "visceral fat". Factor 2 was interpreted as representing blood pressure. Factor 3 showed HbA1c and age. Therefore, Factor 3 was interpreted as representing the status of diabetes. Factor 4 was found to be highly positively correlated with HbA1c and NAFLD. Therefore, Factor 4 was interpreted as representing the incidence of diabetes. Factor 5 was highly correlated with BMI and LDL-C, representing obesity. The scores of each factor were computed for each individual.
The accuracy of each score in differentiating the status of fatty liver was evaluated by an ROC analysis. The area under the ROC curves for Factors 1, 2, 3, 4, and 5 were 0.726, 0.608, 0.825, 0.841, and 0.690, respectively, confirming a higher specificity of Factor 4 to the incidence of diabetes than other Factors.
Discussion
In the present health check study, we demonstrated that NAFLD is a strong risk factor for developing diabetes in middle-aged healthy Japanese men and especially in women. Specifically, the results indicated that women with NAFLD have a significantly higher incidence of diabetes than men with NAFLD, although the number of cases of NAFLD among women was significantly lower than among men. This study had several strengths, including the use of a population-based sample, sufficient ascertainment of a diabetes diagnosis, exclusion of individuals with prediabetes and diabetes at baseline, and adjustment for a number of potential confounding factors based on the criteria defined by the JDS. Table 3 shows that the relative risk of developing diabetes was 4.8 (95% CI: 3.0-7.8, p<0.0001) in men and 14.5 (95% CI 7.0-30.1, p<0.0001) in women among subjects with NAFLD, which was higher than in almost all previous cohort studies (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . A systematic review and meta-analysis indicated that the pooled odds ratio for cohort studies was 2.42 (95% CI: 1.78-3.29). Most studies diagnosed T2DM only by fasting blood glucose level or by fasting blood glucose plus HbA1c level (with/without taking antidiabetic drugs). Only one nested case-control study in men made the diagnosis based on the 75 g OGTT with an odds ratio of 5.5 (95% CI 3.6-8.5, p<0.001) (23) . Making a diagnosis not based on the 2-h postprandial glucose levels may ignore a proportion of potential diabetic patients. Since patients with NAFLD were more likely to have a risk of diabetes than those without NAFLD, incident diabetes would more likely be unnoticed in the NAFLD group, indicating that the risk of T2DM associated with NAFLD might be underestimated in these studies. Future large population studies are required to confirm that the risk of T2DM associated with NAFLD might be underestimated without performing OGTTs. Table 3A shows that, although the prevalence of NAFLD in men was higher than in women, women with NAFLD had a significantly higher incidence of diabetes than men. However, interestingly, Table 3B shows that the incidence of NAFLD and the relative risk of incidence of diabetes in women found during the observational period was almost the same as in men. In this study, it is possible that most female subjects entered menopause during the 10-year study period, as the median of age for female subjects was 46 in 2004, although we did not investigate the status of menstruation in female subjects. To clarify the effect of postmenopausal status on our findings, we stratified all of the subjects into three groups by age: <41 years old, 41-50 years old, and ! 51 years old, and calculated the agestratified relative risks. Table 3C shows that the age-adjusted relative risk of incidence in women <41 years old was the highest among women, and the relative risk in women ! 51 years old, where most were likely postmenopausal, was almost the same as that of men. Because estrogen, which has a protective effect against NAFLD (34) and diabetes (35) in women, decreases in postmenopausal women, the prevalence of NAFLD and relative risk of incidence of diabetes with NAFLD in women was higher than in men. The effects of estrogen may therefore have influenced the results obtained over the 10-year course of our study. Table 4 shows that HbA1c and NAFLD were stronger diagnostic markers of incidence of diabetes than others by multiple regression analyses (36) . HDL-C, gender, and age were also strong markers of the incidence of diabetes. The accuracy of the prediction by the model was evaluated by an ROC analysis, and the AUC was extremely high (0.865). After removing the strongest predictor (HbA1c), NAFLD proved to still be effective in that order for predicting diabetes with an accuracy of AUC=0.788.
A multiple logistic regression analysis (Table 5 ) revealed that fatty liver and incident diabetes were significantly correlated. Although diabetes and visceral fat are known to be strongly correlated, fatty liver is independent from the visceral adipose tissue when predicted by plasma adiponectin levels as a specific fatty liver biomarker (36) , as previously reported in the Framingham Study (37) .
As an additional investigation, we obtained five factors by exploratory factor analysis, as shown in Table 6 . These five factors were interpreted as reflecting or representing visceral fat (Factor 1), blood pressure (Factor 2), status of diabetes (Factor 3), incidence of diabetes (Factor 4), and obesity (Factor 5). Factor 4 showed moderate positive correlation with NAFLD and HbA1c. Therefore, Factor 4 was interpreted as representing the incidence of diabetes. Factors such as age, NAFLD, and HbA1c primarily represent the status and incidence of diabetes, while the others are primarily visceral fat, obesity, and blood pressure factors. Although HDL-C and gender (female) were shown to be more significantly associated with the incidence of diabetes than with age in Table 3A and B, only slight correlations were found with Factor 3 and 4 by the factor analysis. The individual scores of Factor 4 (DM score) were computed, and the diagnostic utility of the DM score in diagnosing the presence of incidence of diabetes was examined. The AUC representing the accuracy of the diagnosis was 0.841, while that of HbA1c was 0.802 (data not shown). The use of Factor 4 markers, which are most commonly ordered in routine clinical practice at hospital laboratories, could improve the accuracy of predicting the incidence of diabetes when a diagnosis of NAFLD is added.
Several limitations associated with the present study warrant mention. First, despite our best efforts, we had a relatively low follow-up rate over the 10-year study period, which was similar with most previous reports (30) (31) (32) 38) . It is challenging for a population-based cohort study (health check at the same hospital) to maintain an adequate rate of follow-up nowadays. The individuals that participated in the follow-up study, compared with those who did not, were elderly, had more fatty liver, and had higher BMI and metabolic parameters (blood pressure and lipids). However, no marked differences were observed in gender, lifestyle factors, and blood glucose levels between the followed-up and non-followed-up groups. Second, our study sample was not large enough to conduct subgroup analyses to explore the association between degree of NAFLD and the development of T2DM. Third, ultrasound was the preferred choice in our study because of its low cost, safety profile, and availability, although liver biopsy remains the current gold standard for the diagnosis of NAFLD (39) . Nevertheless, ultrasound becomes less sensitive when the liver fat content is below 33% or with an increase in abdominal obesity (39) (40) (41) , which might bias the results to some extent.
In conclusion, we found that NAFLD was a significant predictor for future diabetes in middle-aged Japanese men and especially in women. Although the prevalence of NAFLD was significantly lower in women than in men, the causal relationship between NAFLD and diabetes in women seemed to be stronger than in men in our 10-year observational study.
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